Introduction
============

Melanoma is well known for its aggressive clinical behavior and therapeutic resistance.[@b1-dddt-12-2413],[@b2-dddt-12-2413] Although early stages of melanoma can be removed by surgery, with high patient survival rates, metastatic melanoma has poor prognosis. Despite recent progress in the treatment of late-stage melanoma, and in particular, the advances in the development of novel targeted therapy and immunotherapy approaches, the overall outcome of patients with metastatic melanoma remains poor.[@b3-dddt-12-2413] Therefore, it is necessary to discover new potential therapeutic agents for clinical studies.

Sinomenine (7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methylmorphinane-6-one; SIN) is an active compound of the Chinese medicine *Sinomenium acutum*, which has been used to treat rheumatoid arthritis in China for \>2,000 years.[@b4-dddt-12-2413],[@b5-dddt-12-2413] SIN displays a variety of pharmacological activities, including anti-inflammatory, antirheumatic, antiangiogenic, and immunosuppressive effects.[@b6-dddt-12-2413]--[@b9-dddt-12-2413] Furthermore, some researchers have demonstrated that SIN exhibits antitumor activities in many cancers, such as lung cancer, hepatocellular carcinoma, and breast cancer.[@b10-dddt-12-2413]--[@b12-dddt-12-2413] However, the effects and potential mechanism of SIN on melanoma remain unclear.

Autophagy is a conserved intracellular degradation system that is well known to be activated downstream of PI3K/Akt/mTORC1.[@b13-dddt-12-2413],[@b14-dddt-12-2413] Downstream phosphorylation of Akt can activate tuberous sclerosis 1/2, which further promotes mTOR activation. mTOR functions by inhibiting the downstream molecular complex ULK1 to negatively regulate autophagy levels.[@b15-dddt-12-2413] Recent studies have shown that autophagic activity is elevated in different types of cancer and is hence considered a therapeutic target in several clinical trials.[@b16-dddt-12-2413],[@b17-dddt-12-2413] Nevertheless, the role of autophagy in tumor development and progression is controversial, since numerous studies have hinted at a role of autophagy in promoting apoptosis.[@b18-dddt-12-2413] These observations support the concept of context-dependent regulatory mechanisms of autophagy during cancer progression.[@b19-dddt-12-2413]

Therefore, this study aimed to elucidate the biological function of SIN on melanoma in vitro and in vivo. In addition, the role of PI3K/Akt/mTOR-mediated autophagy on the protective effect of SIN was further examined.

Materials and methods
=====================

Reagents
--------

SIN was purchased from AdooQ Bioscience (Nanjing, China). The primary antibody, including anti-Bax, anti-Bcl-2, anti-Be-clin1, anti-p-p62/SQSTM1 (Thr269/Ser272), and anti-p62 were obtained from Abcam (Cambridge, UK). Anti-LC3, anti-pAkt (S473), anti-Akt, anti-pmTOR (S2448), and anti-mTOR antibodies were purchased from Sigma-Aldrich Co., (St Louis, MO, USA). LY294002 and CQ were obtained from Selleck Chemicals (Houston, TX, USA). IGF-1 was purchased from Abcam. Caspase-3 enzyme-linked immunosorbent assay (ELISA) kit was purchased from Sangon Biotech (Shanghai, China).

Cell culture
------------

Mouse melanoma cell B16-F10 was purchased from American Type Culture Collection (ATCC; Manassas, VA, USA) and maintained in Dulbecco's Modified Eagle's Medium-H (DMEM-H; Thermo Fisher Scientific, Waltham, MA, USA) complemented with 10% FBS (Thermo Fisher Scientific). Cells were cultured at 37°C in a 5% CO~2~ incubator.

Cell viability assay
--------------------

The cell viability was determined using the Cell Counting Kit-8 (CCK-8) assay. Melanoma cells were cultured in a 96-well plate and treated with a series of different doses of SIN for 24 hours. Then, CCK-8 solution was added to each well, and the absorbance at 450 nm was measured with a spectrophotometer (Bio-Rad Laboratories Inc, Hercules, CA, USA).

Flow cytometry
--------------

Apoptosis of B16-F10 cells was detected by flow cytometry using the annexin V and propidium iodide (PI) double- staining technique. Cells were treated with SIN for 24 hours, then collected, centrifuged, and incubated with binding buffer, which contained annexin V antibody and PI at room temperature for 15 minutes. Finally, cell apoptosis was detected by flow cytometry.

Western blot
------------

Total protein samples were prepared from cells and tissues using standard protocols. The proteins (20 μg) in each sample were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred to polyvinylidene fluoride membranes for immunoblotting. After incubation with 5% nonfat milk, the membranes were incubated with primary and secondary antibodies. The blots were detected using a ChemiDoc XRS imaging system, and the optical density was measured using ImageJ analysis software.

Measurement of caspase-3 activity
---------------------------------

Cells were treated with a series of different doses of SIN for 24 hours and collected using trypsin. The activity of caspase-3 was assessed using a caspase-3 ELISA kit (Sangon Biotech) according to the manufacturer's recommendations. The optical density of the color reaction was spectrophotometrically measured at 405 nm.

Animals and experimental protocols
----------------------------------

Six-week-old BALB/c mice were purchased from the Institute of Zoology, Chinese Academy of Medical Sciences. The experimental protocol was approved by the Institutional Animal Care Committee (IACUC) of Capital Medical University and was in accordance with the guidelines of IACUC of Capital Medical University. Mice were housed under standard conditions (25°C±2°C, 70% humidity, and 12-hour light--dark periods) in plastic cages with free access to food and water. All mice were randomly divided into three groups, including control group, model group, and SIN group. The mice in the model group were injected subcutaneously with B16-F10 cells, and the SIN group was injected subcutaneously with SIN (100 mg/kg/day) for continuous 35 days. Tumor volumes were measured every 5 days according to the following formula: (length \[mm\] × width \[mm\] × width \[mm\] × 0.52). Mice were killed on Day 35, and the tumor weight was measured.

Immunohistochemistry
--------------------

Tumor sections were prepared essentially by the standard protocol.[@b20-dddt-12-2413] After the sequential processes of rehydration and antigen retrieval, the sections were incubated with antibody against PCNA overnight and subsequently incubated with secondary antibody for 30 minutes. Diaminobenzidine was used for performing color reactions. Sections were visualized with a fluorescence microscope.

Immunofluorescence
------------------

Immunofluorescence was performed essentially as previous described.[@b21-dddt-12-2413] B16-F10 cells were seeded on glass cover slips in six-well plates and were treated with SIN and/or CQ for 24 hours. After fixing in 4% paraformaldehyde for 10 minutes, cells were incubated with 0.2% Triton X-100 in PBS for 15 minutes and blocked at room temperature with 5% BSA for 1 hour. After washing twice with PBS, cells were incubated with anti-LC3 primary antibodies at 37°C overnight. Cells were then incubated with fluorescein isothiocyanate-labeled goat anti-rabbit IgG secondary antibody for 2 hours. Cells were visualized with a fluorescence microscope.

Statistical analysis
--------------------

Data were analyzed with SPSS 19.0 software, and the results were expressed as mean ± SD. The statistical significance of the studies was analyzed using one-way analysis of variance. The difference was considered significant at *P*\<0.05 or less.

Results
=======

SIN inhibits proliferation and promotes apoptosis of B16-F10 cells
------------------------------------------------------------------

To gain insights into the antimelanoma function of SIN, B16-F10 melanoma cells were treated with SIN at a concentration range of 0--100 μM for 24 hours, and the cell viability was detected by the CCK-8 assay. As shown in [Figure 1A](#f1-dddt-12-2413){ref-type="fig"}, SIN dose dependently decreased the viability of B16-F10 cells. In addition, SIN promoted the apoptosis of B16-F10 cells in a dose-dependent manner ([Figure 1B and C](#f1-dddt-12-2413){ref-type="fig"}). Furthermore, SIN also increased the expression of Bax, decreased the expression of Bcl-2, and enhanced the activity of caspase-3, which play a crucial role in the progression of apoptosis ([Figure 1D--F](#f1-dddt-12-2413){ref-type="fig"}). Taken together, these findings indicate that SIN may inhibit proliferation and promote apoptosis of melanoma cells.

SIN relieves tumor growth of melanoma in vivo
---------------------------------------------

To further investigate the inhibitory effect of SIN on tumor growth, a melanoma xenograft mouse model was studied. As shown in [Figure 2A and B](#f2-dddt-12-2413){ref-type="fig"}, the tumor volume and weight decreased remarkably with SIN treatment, compared with the results in the untreated group. Furthermore, we also tested the expression of proliferation-associated proteins in tumor tissues by immunohistochemistry. The data revealed that the expression levels of Ki67 and PCNA were significantly decreased by SIN treatment when compared with the control group ([Figure 2C and D](#f2-dddt-12-2413){ref-type="fig"}). These results suggest that SIN relieves tumor growth of melanoma in vivo.

SIN modulates cell growth and apoptosis via autophagy pathway
-------------------------------------------------------------

Previous studies have shown that the regulation of autophagy can affect the progression of melanoma.[@b22-dddt-12-2413] SIN significantly increased the protein expression of Beclin1 and decreased the level of p-p62/SQSTM1 ([Figure 3A--C](#f3-dddt-12-2413){ref-type="fig"}). Moreover, SIN treatment markedly increased e LC3II/LC3I ratio ([Figure 3A and D](#f3-dddt-12-2413){ref-type="fig"}) and increased the amount of LC3-labeled puncta per cell ([Figure 3E and F](#f3-dddt-12-2413){ref-type="fig"}), suggesting that SIN enhanced autophagy in B16-F10 cells. Interestingly, blocking autophagy by CQ partly attenuated the SIN-induced reduction of cell viability and increase of cell apoptosis ([Figure 3G--I](#f3-dddt-12-2413){ref-type="fig"}). These results suggest that SIN modulates cell growth and apoptosis via the autophagy pathway.

PI3K/Akt/mTOR pathway is involved in SIN-mediated proautophagic effects
-----------------------------------------------------------------------

The PI3K/Akt/mTOR signaling pathway is critical for the regulation of cell proliferation and apoptosis, as well as autophagy.[@b23-dddt-12-2413]--[@b25-dddt-12-2413] Based on this, we further investigated whether SIN affects PI3K/Akt/mTOR activation in melanoma cells. As shown in [Figure 4A--C](#f4-dddt-12-2413){ref-type="fig"}, SIN treatment significantly decreased the phosphorylation of Akt and mTOR. IGF-1 is a well-known PI3K signaling activator that plays an important role in the regulation of cell proliferation and differentiation, and LY294002 is a common inhibitor of PI3K. Reactivating the PI3K/Akt/mTOR pathway by IGF-1 partly reversed the SIN-induced upregulation of autophagy and apoptosis, as well as the reduction of cell viability, in melanoma cells ([Figure 4D--I](#f4-dddt-12-2413){ref-type="fig"}). Interestingly, LY294002 further enhanced the effects of SIN on autophagy, apoptosis, and cell viability ([Figure 4D--I](#f4-dddt-12-2413){ref-type="fig"}). Taken together, these results indicate that SIN inhibits proliferation and promotes apoptosis of melanoma cells via a PI3K/Akt/mTOR-dependent autophagy pathway.

Discussion
==========

SIN is originally derived from a medicinal herb and is used preferentially in the treatment of rheumatoid diseases in the Far East regions.[@b4-dddt-12-2413],[@b5-dddt-12-2413] It has been shown to be capable of alleviating inflammatory responses and regulating immunoreaction.[@b6-dddt-12-2413] In recent years, numerous studies have reported that SIN also has antitumor activities.[@b10-dddt-12-2413]--[@b12-dddt-12-2413] The antitumor effects of SIN are mediated by different mechanisms. SIN induces the apoptosis of prostate cancer cells by blocking the activation of NF-κB.[@b26-dddt-12-2413] Sinomenine hydrochloride inhibits breast cancer metastasis by attenuating inflammation-related epithelial--mesenchymal transition and cancer stemness.[@b27-dddt-12-2413] In colon cancer, SIN displays an antitumor effect by regulating antibiotic resistance.[@b28-dddt-12-2413] In the present study, we first found that SIN also has an antitumor effect in melanoma brought about by promoting autophagy.

Abnormal cell proliferation is a key element of tumorigenesis, and thus inhibiting cell proliferation is considered an effective avenue for the development of novel antitumor therapeutics. We found, via cell viability assay and a mouse model, that SIN dose dependently inhibited melanoma cell proliferation in vitro and attenuated tumor growth in vivo. These results verified previously published findings indicating that SIN has an inhibitory effect on cancer cell proliferation.[@b10-dddt-12-2413],[@b29-dddt-12-2413],[@b30-dddt-12-2413] PCNA and Ki67 are widely used intrinsic markers of cell proliferation. Our results also showed that SIN may significantly inhibit the expressions of PCNA and Ki67 in melanoma tissues. Furthermore, our results showed that SIN dose dependently promoted apoptosis in B16-F10 cells, as demonstrated by the increases in apoptotic cells, Bax/Bcl-2 ratio, and caspase-3 activity.

Autophagy is a key mechanism in various physiological and physiopathological processes, including cell death and survival.[@b31-dddt-12-2413],[@b32-dddt-12-2413] Increasing evidence has indicated that autophagy plays a crucial role in the progression of cancer.[@b16-dddt-12-2413],[@b17-dddt-12-2413] In this research, a significant increase of Beclin1 and LC3-II, along with a remarkable decrease of p62, was observed in SIN-stimulated B16-F10 cells, suggesting that SIN conduces to induce autophagy in melanoma. Moreover, inhibition of autophagy by CQ partly abolished the SIN-induced decrease of cell viability and increase of cell apoptosis. These results indicated that SIN could suppress cell proliferation and promote cell apoptosis partly through enhancing autophagy in melanoma cells.

The PI3K/Akt/mTOR signaling pathway is an important intracellular mediator, which is critical for the regulation of cell survival and proliferation.[@b33-dddt-12-2413],[@b34-dddt-12-2413] Numerous studies have demonstrated that aberrant activation of PI3K/Akt/mTOR pathway is involved in the pathological process of melanoma, and its inhibition has become a useful therapy for melanoma.[@b35-dddt-12-2413],[@b36-dddt-12-2413] Moreover, it is reported that inhibition of the PI3K/Akt/mTOR signaling pathway can induce autophagy and apoptosis in prostate cancer stem cells.[@b37-dddt-12-2413] mTOR is composed of two complexes, including mTORC1 and mTORC2. mTORC1 functions as a transcriptional regulator of autophagy.[@b38-dddt-12-2413] Inhibition of mTOR induces the initiation of autophagy.[@b15-dddt-12-2413] Moreover, the Beclin1-induced formation of the preautophagy structure also needs the participation of PI3K.[@b39-dddt-12-2413] In this study, the expression levels of p-AKT and p-mTOR were significantly decreased after SIN treatment, suggesting that SIN could repress the PI3K/Akt/TOR signaling pathway in melanoma cells. In addition, reactivating PI3K/Akt/mTOR pathway by IGF-1 partly reversed the SIN-induced autophagy. Pretreatment with IGF-1 also attenuated the SIN-induced decrease of cell viability and increase of cell apoptosis. Furthermore, LY29002-mediated inhibition of PI3K/Akt/mTOR signaling further enhanced the effect of SIN on autophagy, apoptosis, and proliferation. These results strongly indicated that the PI3K/Akt/mTOR pathway is involved in the SIN-mediated proapoptotic and antiproliferative effects via autophagy.

Conclusion
==========

Our investigation suggests that SIN regulation of autophagy via the PI3K/Akt/mTOR pathway is a critical component through which SIN protects against melanoma. Since melanoma shares its pathogenesis with many other cancers, our findings not only elaborate a novel mechanism of SIN's antimelanoma function but also provide new insights into SIN's potential applications in the treatment of other cancers and autophagy-related diseases.
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![SIN inhibits proliferation and promotes apoptosis of B16-F10 cells.\
**Notes:** B16-F10 cells were treated with SIN (0, 12.5, 25, 50, and 100 μM) for 24 hours. (**A**) The cell viability was analyzed by CCK8 assay. (**B**) The cell apoptosis was analyzed by Annexin V--PI flow cytometry. (**C**) Apoptotic cell quantification for three independent experiments. (**D**) The protein level of Bax and Bcl-2 was detected by Western blot. (**E**) Quantification of Bax/Bcl-2 in [Figure 1D](#f1-dddt-12-2413){ref-type="fig"}. (**F**) The activity of caspase-3 was measured by caspase-3 ELISA kit. All the experiments were repeated at least three times. β-actin was used as loading control. \**P*\<0.05, \*\**P*\<0.01 versus untreated control.\
**Abbreviations:** CCK, cell counting kit; ELISA, enzyme-linked immunosorbent assay; PI, propidium iodide; SIN, sinomenine.](dddt-12-2413Fig1){#f1-dddt-12-2413}

![SIN relieves tumor growth of melanoma in vivo.\
**Notes:** Mice were injected subcutaneously with B16-F10 cells and received daily treatment of SIN (100 mg/kg) for 35 days. (**A**) Calculation of tumor volume at 5--35 days after injection. (**B**) Calculation of tumor weight at 35 days after injection. (**C**) The expressions of Ki67 and PCNA in tumor tissues were detected by immunohistochemistry, ×400, scale bar =20 μm. (**D**) Quantification of [Figure 2C](#f2-dddt-12-2413){ref-type="fig"}. n=6; \**P*\<0.05, \*\**P*\<0.01 versus control.\
**Abbreviation:** SIN, sinomenine.](dddt-12-2413Fig2){#f2-dddt-12-2413}

![SIN modulates cell growth and apoptosis via autophagy pathway.\
**Notes:** B16-F10 cells were treated with SIN (50 μM) and/or CQ (25 μM) for 24 hours. (**A**) The expression levels of Beclin1, p-p62/SQSTM1, LC3 I, and LC3 II were measured by Western blot. (**B**--**D**) Quantification of [Figure 3A](#f3-dddt-12-2413){ref-type="fig"}. (**E**) Representative images of intracellular GFP-LC3 redistribution (green spots) in B16-F10 cells under different conditions, ×400, scale bar =20 μm. (**F**) The quantification of LC3 puncta number. (**G**) Cell viability was measured by CCK-8 assay. (**H**) The protein levels of Bax and Bcl-2 were measured by Western blot. (**I**) The quantification of [Figure 3H](#f3-dddt-12-2413){ref-type="fig"}. All the experiments were repeated at least three times. β-actin was used as the loading control. \**P*\<0.05 versus control, ^\#^*P*\<0.05 versus SIN.\
**Abbreviations:** CCK, cell counting kit; CQ, chloroquine; SIN, sinomenine.](dddt-12-2413Fig3){#f3-dddt-12-2413}

![PI3K/Akt/mTOR pathway is involved in SIN-mediated proautophagic effects.\
**Notes:** B16-F10 cells, pretreated with or without LY294002 (LY; 10 μM) or IGF-1 (10 ng/mL), were incubated with SIN (50 μM) for 24 hours. (**A**) The expressions of phosphorylated Akt (pAKT) and phosphorylated mTOR (pmTOR) were detected by Western blot. (**B**--**C**) Quantification of [Figure 4A](#f4-dddt-12-2413){ref-type="fig"}. (**D**) The protein levels of LC3 I and LC3 II were detected by Western blot. (**E**) Quantification of [Figure 4D](#f4-dddt-12-2413){ref-type="fig"}. (**F**) Cell viability was detected by CCK8 assay. (**G**) Apoptosis of melanoma cells was measured by flow cytometry. (**H**) Expression levels of Bax and Bcl-2 were detected by Western blot. (**I**) Quantification of [Figure 4H](#f4-dddt-12-2413){ref-type="fig"}. All the experiments were repeated at least three times. β-actin was used as the loading control. ^\*^*P*\<0.05 versus control, ^\#^*P*\<0.05 versus SIN treated alone.\
**Abbreviations:** CCK8, cell counting kit-8; CQ, chloroquine; SIN, sinomenine; LY, LY294002.](dddt-12-2413Fig4){#f4-dddt-12-2413}
